Bacteria can rapidly evolve resistance to antibiotics via the SOS response, a state of high-activity DNA repair and mutagenesis. We explore here the first steps of this evolution in the bacterium Escherichia coli. Induction of the SOS response by the genotoxic antibiotic ciprofloxacin changes the E. coli rod shape into multichromosome-containing filaments. We show that at subminimal inhibitory concentrations of ciprofloxacin the bacterial filament divides asymmetrically repeatedly at the tip. Chromosome-containing buds are made that, if resistant, propagate nonfilamenting progeny with enhanced resistance to ciprofloxacin as the parent filament dies. We propose that the multinucleated filament creates an environmental niche where evolution can proceed via generation of improved mutant chromosomes due to the mutagenic SOS response and possible recombination of the new alleles between chromosomes. Our data provide a better understanding of the processes underlying the origin of resistance at the single-cell level and suggest an analogous role to the eukaryotic aneuploidy condition in cancer.
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antibiotic resistance | SOS response | filamentation | mutation | evolution B acteria can evolve remarkably quickly to be resistant to antibiotics under certain conditions, as we showed in an earlier paper (1) using microfabrication techniques to create a structured environment of bacteria in a gradient of the genotoxic antibiotic ciprofloxacin (cipro), which perturbs chromosome replication (2) . The need for the structured environment in which steep gradients facilitate the rapid evolution of resistance by multiple mutations confirmed a prediction from recent modeling (3). Our earlier work on the rapid emergence of cipro resistance in a microfabricated complex ecology did not delineate the stages in the emergence of resistance but only presented the ultimate, resistant cells (1) . However, high-resolution imaging of the cells within the device before the full emergence of resistance showed that the cells went through a transient filamentation phase. Fig. 1 shows images from our microecology that Escherichia coli bacteria have changed their shape into long filamentous structures shortly after exposure to the cipro antibiotic. The filamentation response is not permanent, because after 4 h some cells have reverted to a normal phenotype (Fig. 1B) and have become resistant to high levels of the antibiotic by de novo mutation in genes encoding gyrase A topoisomerase and efflux pumps (1) . We wished to explore the role filamentation played in the initial stages of antibiotic resistance.
Many microorganisms adopt a filamentous shape caused by cell-division arrest yet continue cell-volume growth in response to a variety of stressful environments, including nutrient deficiency (4), extensive DNA damage through the SOS response pathway (5, 6) , host innate immune responses (7), desiccation (8) , high pressure (9) , and antibiotic treatment (10) (11) (12) . Although filamentation has long been considered an overstressed and/or sick phenotype or solely for completion of DNA replication before division (13) , it has only recently been described as a more general survival strategy (7, 8, 14) . For example, if the stress is relieved quickly enough, division of the filamentous cell resumes synchronously and rapidly at regular intervals along the entire length of the filament, resulting in multiple viable normalsized offspring cells (8) . However, the mechanisms underlying the evolution of filamentous bacteria when the selective pressure is maintained have been poorly described, in part because most studies have used stress conditions that were evolutionarily unfavorable and instead led to irreversible bacterial growth arrest and/or rapid death.
Bacterial cell-division arrest resulting from inhibition of DNA replication after cipro exposure (2) is caused by the induction of a division inhibitor (e.g., SulA in E. coli) (13, 15) . sulA gene induction is part of a set of over 30 induced genes involved in DNA repair pathways and error-prone mechanisms, collectively known as the SOS response (5, 16, 17) , a sequential transcriptional process that is tightly controlled by two master regulators, LexA and RecA proteins (18) . When the replication forks are stalled, LexA autoproteolytic cleavage facilitated by RecA protein initiates the SOS stress pathway until the chromosome damage has been repaired and replication of the chromosome resumes. However, when the SOS response is fully engaged, the induction of low-fidelity replication polymerases known as error-prone polymerases increases the rate of mutation μ during DNA replication from the normally low value of 10 −9 mutations per base pair per generation up to a high rate of 10 −5 mutations per base pair per generation (19) , so that a single bacterial chromosome such as the 4.6-Mb E. coli chromosome can be expected to have multiple mutations with each round of replication. Current research aims at targeting the error-prone polymerase pathway to slow down the evolution of antibiotic resistance and thus improve the long-term viability of some antibiotic drugs (20) .
Here we address how filamentation is probably the first step in the evolution of resistance to mutagenic antibiotic exposure, internally generating mutant chromosomes via the SOS response until a solution is obtained: a mutant chromosome with resistance to the stress. We examine how individual bacteria exit from the filamentous state caused by subminimal inhibitory concentrations of the genotoxic antibiotic ciprofloxacin. We show that when cipro is maintained at low levels, E. coli filaments
Significance
Understanding how bacteria rapidly evolve under antibiotic selective pressure is crucial to controlling the development of resistant organisms. We show that initial resistance emerges from successful segregation of mutant chromosomes at the tips of filaments followed by budding of resistant progeny. We propose that the first stages of emergence of resistance occur via the generation of multiple chromosomes within the filament and are achieved by mutation and possibly recombination between the chromosomes.
undergo asymmetric divisions at the filament tips, giving rise to budded resistant offspring cells. The generation of multiple mutant chromosomes that are successfully segregated toward the filaments tips favors the birth of antibiotic-resistant cells. We discuss how this filamentation step is a precursor to the final highly resistant bacteria in a complex ecology.
Results
We focused on the role that the SOS mutational network, triggered by the presence of stalled replication forks, plays in the filamentation process and bacterial evolution of drug resistance. The transient filamentation events were studied on agar plates containing cipro at varying levels. The primary experiment involves spreading a low-density population of less than 10 3 per mm 2 of E. coli bacteria in the presence of 0.125 of the minimal inhibitory antibiotic concentration (0.125× MIC) of cipro. Timelapse imaging revealed that 99.5% of the bacteria formed long filaments (up to 200 μm) and expanded their length exponentially ( Fig. 2A ; see Movies S1 and S2 for videos of the growth of filaments). The remaining 0.5% of the bacteria that did not elongate or divide in the presence of the antibiotic may be persister cells (21) or dead cells. A lexA3 mutant strain that cannot activate the SOS response and a recB mutant strain, which reduces SOS response induction, general recombination, and DNA repair, were not able to filament or grow at these low cipro concentrations, verifying that both filamentation and growth rely on the induction of the LexA-dependent SOS response and possibly on recombination and repair pathways (SI Appendix, Fig. S1A shows the growth of filaments over a 3-h time period and the failure of the lexA3 and recB mutant strains to grow under the same conditions). We observed that the growth of a filament is transiently interrupted by asymmetric division events ( Fig. 2B and Movies S1 and S2) that occur repeatably and predominantly at the tips of the filament (Fig. 2C ) and give rise to short offspring cells that often resumed normal division ( Fig.  2B and Movies S1 and S2). This budding process was inherently distinct from the synchronous, symmetrical division recovery profile of the filament obtained shortly after drug removal (SI Appendix, Fig. S1 ).
Interestingly, some degree of heterogeneity was observed in the bud fate at this low concentration (0.125× MIC) (Fig. 3A) : 35% of budded cells divide symmetrically without further filamentation, indicating that they are now resistant to 0.125× MIC cipro; 35% cease division and growth; 10% of the buds show abnormal asymmetrical division (minicell formation) with little propagation; and 20% resume filamentation, indicating that they do not show evidence of cipro resistance. Buds that fail to divide and propagate may either contain a damaged chromosome or may not contain a chromosome at all [we found that 11% of the buds do not contain a chromosome, by using 4′,6-diamidino-2-phenylindole (DAPI) staining]. Conversely, the fate of the filaments after prolonged growth on low cipro showed less heterogeneity than that of the buds, since the bulk of parental filaments (70%) undergo death as evidenced by their inability to exclude the propidium iodide (PI) dye, reflecting loss of possibly both membrane integrity and efflux mechanisms (Fig. 3B ). These findings suggest that filamentation at low cipro is a complex phenomenon that gives rise to short progeny and eliminates the unfit filamentous parent cell.
We were most interested by the buds that divide symmetrically without further filamentation and examined whether these buds show a lower level of SOS response. We used a sulA-gfp transcriptional reporter in a nongenic chromosomal location in cells with an intact native sulA gene (22) to quantitatively measure induction of the SOS response within the bacterial filament. We observed a decrease in the intensity of the gfp expression within buds, indicating that buds had decreased expression of the SOS regulon, as would be expected from the observed increase in cipro resistance in the buds and subsequent suppression of the SOS response [ Fig. 3 shows that the buds have on average about 25% less expression of PsulA-gfp than the filaments, whereas the intensity of constitutively expressed RFP protein (lac-mrfp1) shows identical levels both in the buds and in the filaments, indicating that protein expression levels are similar in the buds and within the filaments].
Because most buds do contain a chromosome, although cipro directly affects DNA replication by targeting DNA gyrases (23) and thus perturbs chromosome dynamics (2), we wished to examine both the content and the spatial arrangement of the chromosomes in filamentous cells to understand how low doses of cipro allow the generation of short viable nucleated offspring. We used standard DAPI staining and live imaging of a specific chromosomal locus, R2 (17), as a reporter of an individual chromosomal copy (SI Appendix, Fig. S2 ) to enhance chromosome counting. R2 loci were visualized by the binding of fluorescent TetR-CFP fusions to the tetO operator array located 21 kb upstream of the lacZ gene (24) (SI Appendix, Fig. S2 ). Individual chromosomes localize as discrete CFP foci. We found A B that the filaments contain multiple chromosomes ( Fig. 4 and SI Appendix, Fig. S2 ) that are partially or completely segregated, with a linear relation between filament length and chromosome number (Fig. 4A ), indicating that as the filament grows it replicates multiple chromosomes. The presence of multinucleated filaments occurred only at a low level of cipro (0.125× MIC) (SI Appendix, Fig. S2C ). At levels of cipro above 0.125× MIC, the chromosome morphology was severely impaired (SI Appendix, Fig. S2C ) and events of budding at the filament tips were rare or nonexistent. At low levels of cipro, we found that some chromosomes localize near the tips (three-quarter positions of cell length) (Fig. 4B) , coinciding with the position of the division sites at the tips (Fig. 1C) . Time-lapse experiments showed heterogeneous dynamics of the chromosomes within the filaments where some chromosomes move tipward as the filaments grow whereas other remain essentially stationary in the midcell regions (Fig. 4 C and D; SI Appendix, Fig. S3 ; and Movie S3). In addition, two individual chromosomes were eventually observed to alternate between overlapping in a single cluster and then separating into two distinct foci (Fig. 4 C and D and SI Appendix, Fig. S3 ). We also noticed that the chromosomes within the same filament undergo replication or separation of foci in an asynchronous way ( Fig. 4 C and D) . All together, the chromosome dynamics in cipro-stressed filaments are complex and do not indicate simple replication, but nevertheless the filamentous cell succeeds in coordinating chromosome placement and asymmetric division at the tips, leading to the birth of resistant daughter cells. We verified that the offspring evolved resistance in that normal-sized and dividing bacterial buds arose at the tips of the filaments under continued low cipro treatment, and SOS expression levels, as determined by the sulA-gfp reporter, were low. Wild-type bacteria were cultured in low cipro and filtered using a sterile 5-μm syringe filter to isolate normal-sized progeny from filamentous parent cells (SI Appendix, Fig. S4 ). About 70 ± 11% of the isolated progeny survived when reexposed to low cipro (0.125× MIC). The frequency of progeny resistant to high levels of cipro (1× MIC) was determined and defined as the number of cipro-resistant colonies that arose after 24 ] that had not been preexposed to low cipro. This result indicates that a subpopulation of budded cells has indeed evolved resistance during the 24-h exposure to low cipro. We assumed that the frequency of persisters was kept low in the progeny population, even after filtration, because progeny either formed filaments or resumed normal division when exposed over again to low cipro. Instead, persisters would have resumed division and growth only once the antibiotic is removed (21) .
Resistant clones were isolated by selection using subinhibitory (0.5× MIC) or inhibitory (1× MIC) doses of cipro, and a subset of genomic sequences of known resistant genes was analyzed by using targeted genome sequencing (Table 1 and SI Appendix, Table S2 ). The results showed that the level of resistance was a function of the cipro concentration at selection. Resistance at the bottom of the selection window was associated with overexpression of AcrAB efflux pumps, in that mutations in marR were found and none of the other genes sequenced had mutations. Deletion(s) of 1 or 11 nt in the marR gene encoding the MarR efflux pump regulator were identified in 37% of the sequenced clones. Conversely, at the top of the selection window, the resistant clones isolated were mainly mutated in the GyrA gyrase subunit, and 87% of the sequenced clones had a single mutation in gyrA (GyrA S83A), which is located in the quinolone resistance-determining region, a hot spot region for mutations (25) . Mutations in gyrA or marR are likely to be sufficient to promote intermediate-level resistance of the tested clones (Fig.  5 ). The rest of the cipro-resistant clones presumably carry a resistance-conferring mutation(s) at a place not sequenced. The MIC of resistant progeny was 2.5× increased (10 clones analyzed) but remained five times lower than that of the highlevel resistant strain QZ030, which evolved four mutations both in gyrA and the efflux pumps when cultured in a complex environment (1) . Although the budded progeny show enhanced resistance to cipro, they do not show the full resistance observed in the cells that grow in the microfabricated devices, indicating that the budded progeny are part-way along the path to a fully enhanced resistance (Fig. 5 compares the resistance of filtered bud progeny to cipro with that of the strain of bacteria QZ030 retrieved from our previous experiment, where evolution to resistance to cipro emerged in a complex gradient in a metapopulation, as opposed to strains extracted from this experiment, where evolution occurs in a fixed concentration of cipro). In all, the data reveal that a low level of adaptive evolution to low cipro can occur in a few hours within a single filament.
Discussion
Our data show that there are five fundamental features that characterize the growth of the bacterial filaments during exposure to subminimal inhibitory concentrations of cipro ( Fig. 6 ): (i) Exposure to 0.125× MIC cipro initiates the SOS response ( Fig. 3C and Fig. S1 ); (ii) the filament contour length L(t) increases exponentially with time (Fig. 2A) ; (iii) the filaments contain multiple copies of the bacterial chromosome (Fig. 4) ; (iv) the filamenting process is transiently interrupted by a budding process that generates resistant progeny at the tips ( Fig. 1 and Movies S1 and S2); and (v) most filaments die, but not some of the budded progeny (Fig. 3B) .
Such an evolutionary path to antibiotic resistance encompasses two remarkable events that occur during the filamentation process: the presumably local decision to transiently exit from SOS and bud a resistant daughter cell from the end of the filament, and the generation of multiple chromosomes that evolve resistance via mutagenesis and possibly recombination within a single filament.
The budding events are presumably triggered by the local cessation of the SOS response in the vicinity of an evolved resistant chromosome with the mutations found in Table 1 , because the SOS response is responsible for the filamentation phenotype caused by a lack of septation. It could be either that better-adapted chromosomes are generated near the tips or that better-adapted chromosomes generated internally migrate toward the tips, where they are then budded off by formation of a single septum. We can guess whether the cessation of the SOS response is a global or local event in the cell by estimating how far the SOS division-inhibitor SulA can diffuse during the replication time of a chromosome, about 30 min in our case. SulA has a molecular mass of about 18 kDa and measurements of the diffusion coefficient of similar-size GFP proteins in E. coli have yielded an average value for the diffusion constant of about 7 μm 2 /s (26) , and hence we would expect that in 30 min the SulA protein should diffuse about 150 μm, easily the length of a filament. However, the budding process is local and not evenly distributed along the length of the filament, indicating that either SulA does not diffuse freely in the cytoplasm or other players such as the Min division control proteins are determining the local decision to bud. Identifying the molecular actors that govern the decision of local budding will be of valuable interest to answer the question of why asymmetric division is important to generating resistant progeny.
This view differs from current paradigms for cell-cycle checkpoint control in bacteria and other organisms. Cell filamentation during SOS is thought to reflect the need to complete DNA replication before cell division to protect chromosomes after DNA damage (13) . Similarly, filamentation allows repair of DNA damage by recombination between chromosomes by keeping more than one chromosome per cell until repair is completed (27) . Similar DNA-protection roles underlie eukaryotic cell-cycle checkpoint control (28) . We suggest that in addition to DNA preservation, cell filamentation may accelerate evolution by adding recombination, which is possible only with more than one chromosome per cell, to the increased mutagenesis documented during SOS. Recombination between chromosomes can potentially separate beneficial mutations from linked deleterious mutations or unrepaired DNA damage. The dramatic acceleration of evolution by recombination accompanying mutagenesis, relative to mutagenesis without recombination, is supported by modeling (29, 30) .
Coupling of mutagenesis with recombination is observed throughout life, including being predicted in cancer genomes (31, 32) , and observed in the immune system (33), yeast (34, 35) and bacteria (17, (36) (37) (38) . Because increased mutagenesis creates both deleterious and beneficial mutations, recombination that unlinks these can be beneficial. 
The number of mutants over the number of sequenced clones (e.g., 4, 8, or 16) is indicated. Fig. 5 . Resistance of the wild-type strain, a QZ030 hyperresistant isolate (1), and three different progeny clones to cipro as measured by growth curves. The cipro concentration at which growth was monitored is indicated.
Further, the chromosomes display a distinct dynamics pattern in the same filament. Events of merging/splitting between two chromosomes were frequently observed during the experiment ( Fig. 4C ; SI Appendix, Fig. S3 ; and Movie S2), possibly reflecting the intimate interplay between DNA replication and genetic information exchange during cipro exposure. In addition, replication of sister loci did not occur synchronously, as shown in Fig. 4C , where one chromosome out of six was captured while replicating, and suggests potential differential DNA damage load between the chromosomes (39). Although we found these observations captivating, it remains unclear to us why there is such heterogeneity in the chromosome dynamics. One can speculate that the nonstationary chromosomes are the chromosomes with increased fitness (probably containing mutations conferring cipro resistance) that would not be eliminated but chosen for replication. Instead, stationary and/or nonreplicating chromosomes that are likely to contain neutral or deleterious mutations would eventually be eliminated in the dying filament or would recombine to separate beneficial mutations from linked deleterious damage and hence be chosen for survival (Fig. 3B) . Therefore, the multiple chromosomes that are generated in the filament could enhance the chances of producing resistant chromosomes as well as allow repair. The ultimate decision to release the progeny would be done by pinching off the successful mutant chromosome that is resistant to the stress by local loss of the SOS response. Further in-depth mechanistic studies of the interplay between processes of stress-induced mutagenesis, recombination, chromosome partitioning, and local budding are needed to deepen our understanding of how antibiotic resistance stems from a single multinucleated bacterium. The chromosome dynamics in an elongating filament might possibly resemble a form of Turing machine (40), where the "computation" of fitness is like the writing of mutations on a chromosome and erasure of marks would correspond to the elimination of chromosomes that were less fit and to recombination between chromosomes reverting deleterious new mutations, and the halting of the Turing machine upon solution of the problems would be represented by the pinching off of the mutant, more fit chromosome. However, this is highly speculative at this point in our work.
Perhaps a phenomenon similar to bacterial multichromosome resistance occurs in aneuploid cells. For instance, cancer cells typically contain 60-90 chromosomes (41) . Aneuploidy is a ubiquitous feature of cancer that may contribute to a more rapid accumulation of mutations, increasing survival and proliferation (42) (43) (44) (45) . Therefore, the strategy of generating multiple mutant chromosomes within a single cell may represent a widespread and conserved mechanism for the rapid evolution of genome change in response to unfavorable environments (i.e., chemotherapy drugs and antibiotics).
Materials and Methods
Imaging. Long time-lapse movies (images recorded every 2 min for 10 h) of low-density bacteria [JEK1036 (gfp+)] growing on LB agar pads containing 5 ng/mL cipro and isopropyl β-D-1-thiogalactopyranoside (IPTG) were made using a Nikon 90i microscope equipped with a Nikon Plan Apo 60× objective and a Rolera-XR cooled CCD camera and processed with Micro-Manager (NIH, www.micro-manager.org) and ImageJ (NIH) software. All other images were collected on a Nikon Eclipse 90 microscope equipped with a Nikon Plan Apo 100× objective and an Andor Neo camera and processed with Nikon NIS-Elements software. In all experiments, cells were transferred from liquid culture to 1.4% agarose-padded slides containing LB medium (or 0.5× LB for strain AB1157), with low ciprofloxacin and IPTG when required. A coverslip was placed on the pad and then sealed with valap (1 vol vaseline/1 vol lanolin/ 1 vol paraffin). Filament death was visualized by fluorescence microscopy using propidium iodide, a membrane-impermeable nucleic acid stain commonly used as a cell-death marker. Nucleoids in the filaments were visualized by adding DAPI (live-cell DNA staining) directly to the agarose pads. R2 loci were visualized in E. coli AB1157 cells placed on 1.4% agarose-padded slides containing 0.5× diluted LB medium (to reduce fluorescence background). Images were recorded every 2 min right after the cells were placed on the agarose pad in the no-cipro conditions, or every 5 min after the cells were allowed 2 h of growth on the agarose pad in the low-cipro conditions. See SI Appendix, Materials and Methods for details of experimental protocols.
Bacterial Strains and Growth. E. coli strains were cultured at 37°C in liquid LB medium and on an LB agar (1.7%) plate (solid), unless noted. In all experiments, cipro antibiotic was added at a subminimal inhibitory concentration of 5 ng/mL (0.125× MIC) referred to as "low cipro," unless indicated (see SI Appendix, Materials and Methods for details of strain growth). Strains and primers used in this study are listed in SI Appendix, Tables S1 and S2, respectively.
Minimum Inhibitory Concentration Determination. The MIC defined as the lowest concentration of ciprofloxacin that prevents any growth of the bacteria is known to be 40 ng/mL. For each strain, a volume of 3 mL of overnight culture was used to inoculate, in triplicate, 150 μL of LB medium containing increasing concentrations of ciprofloxacin (0, 5, 10, 15, 20, 25, 30, and 40 ng/mL) using 96-well flat-bottom plates. Growth was monitored by reading the absorbance at 630 nm every 20 min for 10 h of incubation at 37°C with shaking in a ChroMate 4300 Microplate Reader (Awareness Technology). MICs for ciprofloxacin-resistant offspring clones (10 clones analyzed) were determined using the same conditions described above; in addition, wells contained LB plus ciprofloxacin at 50, 100, 200, and 500 ng/mL.
Determination of Cipro-Resistant Mutant Frequency. The frequency of the cipro-resistant (ciproR) mutant was determined and defined as the number of ciproR colonies that arose after 24 h of growth on solid media containing 1× MIC cipro, per viable cell. Three independent cultures of wild-type strains were subcultured at 1:100 dilution from an overnight starter culture and grown to midexponential phase. A volume of 0.1 mL of cell culture was plated on LB agar containing low cipro antibiotic and incubated at 37°C for 24 h. The bacterial lawn was resuspended in 5 mL LB using a sterile scraper. The resulting cell culture contained a mixed population of filaments and short bud offspring. When needed, the cell culture was recovered by filtration through a 5-μm sterile syringe filter to harvest the progeny and remove the filamentous cells. All cultures (mixed-population or filtered progeny) were serially diluted, and 0.1-mL samples of appropriate dilutions were plated onto nonselective plates to determine total viable cell counts, as well as on plates containing cipro 1× MIC (40 ng/mL) to score high-level ciproR mutants. CiproR frequencies were calculated by dividing the number of high-level cipro-resistant mutants by the total number of viable bacteria. A total of three experiments was conducted independently. Means of mutant frequency are given in the text and the "±" values represent SD.
Sequencing. Cipro-resistant colonies were selected on LB plates containing either cipro 0.5× MIC (20 ng/mL) or 1× MIC (40 ng/mL), after 24 h incubation at 37°C. See SI Appendix, Materials and Methods for details of the experimental protocol.
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